A young girl presented with recurrent episodes of muscle weakness culminating in a severe attack of generalized muscle weakness. In the muscle mitochondria from the patient there was an abnormal pattern of intermediates of f-oxidation with an accumulation of 3-hydroxyacyl-and 2-enoyl-CoA and carnitine esters, and 3-oxoacylcarnitines. There was low activity of longchain 3-hydroxyacyl-CoA dehydrogenase in mitochondria from all tissues. The activity of long-chain 2-enoyl-CoA hydratase was low in muscle mitochondria and 3-oxoacyl-CoA thiolase activity measured with 3-oxohexadecanoyl-CoA as substrate was low in fibroblast, muscle, and cardiac mitochondria but only partial deficiency was present when the activity was measured with 3-oxooctanoyl-CoA. The activity of the long-chain 3-hydroxyacyl-CoA dehydrogenase and long-chain 3-oxoacylCoA thiolase in fibroblasts from the patient's parents was intermediate between those of controls and the patient. The patient has a combined defect of the long-chain 3-hydroxyacylCoA dehydrogenase, long-chain 3-oxoacyl-CoA thiolase, and long-chain 2-enoyl-CoA hydratase which appears to be inherited in an autosomal recessive manner. This suggests there is a multifunctional enzyme catalyzing these activities in human mitochondria and that this enzyme is deficient in our patient.
Introduction
Fatty acids are important metabolic fuels particularly at times of stress or fasting. They are predominantly metabolized in mitochondria, by a process requiring activation, transport into the mitochondria, and subsequent conversion to acetyl-CoA by f-oxidation. This sequence of events may be impaired by genetic or environmental factors, and over the past decade an increasing number ofpatients have been identified with defects of mitochondrial fatty acid oxidation. The clinical features in these patients include hypoketotic hypoglycemic coma, sudden infant death syndrome, Reye-like episodes, muscle weakness, and cardiomyopathy (1).
The first step ofmitochondrial fatty acid oxidation involves the activation of fatty acids to their acyl-CoA esters; these are transported into the matrix by the concerted action ofcarnitine palmitoyltransferase I, carnitine/ acylcarnitine translocase, and carnitine palmitoyltransferase II. The fatty acyl-CoA esters undergo f-oxidation to generate acetyl-CoA. There are two or more enzymes with overlapping substrate specificities for each of the four reactions of f-oxidation. Thus, there were thought to be three acyl-CoA dehydrogenases (short-chain, mediumchain, and long-chain), two enoyl-CoA hydratases (shortchain and long-chain), two 3-hydroxyacyl-CoA dehydrogenases (short-chain and long-chain), and two 3-oxoacyl-CoA thiolases (acetoacetyl-CoA specific and a general 3-oxoacylCoA thiolase) (2) . Defects of several enzymes of fl-oxidation have been described including abnormalities of short-chain, medium-chain, and long-chain acyl-CoA dehydrogenases (3) , electron transfer flavoprotein, electron transfer flavoprotein dehydrogenase (4) , and long-chain 3-hydroxyacyl-CoA dehydrogenase (5) .
The diagnosis of defects of fatty acid oxidation is not straightforward. Measurement of metabolic fuels and intermediary metabolites may be helpful because patients with defects often demonstrate a poor ketotic response and hypoglycaemia when fasted or stressed (6) . The identification of abnormal organic acids, acylglycines, and acylcarnitines in the urine may be diagnostic. More recently, molecular techniques have been successfully employed in the diagnosis of medium-chain acylCoA dehydrogenase deficiency (7, 8) . These investigations are not, however, always reliable or universally applicable and confirmation of the defect usually requires direct measurement of enzyme activity. This itself is technically difficult in that many ofthe substrates for these enzymes are not commercially available and must first be synthesized.
We describe our investigations of a young girl who presented with recurrent episodes of muscle weakness in whom a defect of fatty acid oxidation was a possibility. Using techniques we have developed to measure the individual acyl-CoA and acylcarnitine esters generated during fatty acid oxidation, combined with the assay of the activity of all the enzymes of f-oxidation, we have identified a combined defect involving long-chain 3-hydroxyacyl-CoA dehydrogenase, long-chain 3-oxoacyl-CoA thiolase, and long-chain 2-enoyl-CoA hydratase.
Methods
Case history. The patient was the youngest of three children born to healthy, nonconsanguineous parents. Her birth and perinatal progress were normal but because of muscle disease in an earlier child, serum creatine kinase activity was measured at 8 d of age (413 U/liter; normal range < 140 U/liter). However, at 5 wk the serum creatine kinase activity was normal ( 112 U/liter). At 3 mo the only abnormality detected on examination was absent tendon reflexes. She walked unsup-deformity and toe walking. Twice at the age of 3 yr she had minor infections which were associated with anorexia, hypotonia, and weakness. She recovered from these episodes in 24-48 h without any obvious after effects. At 4 yr 2 mo she was referred to one of us (Dr. Gardner-Medwin) when mild equinovarus contracture, areflexia, and extensor plantar responses were noted. Investigation at that time was refused.
She presented again aged 41/2 yr with a 3-d history of vomiting and anorexia followed by the onset of rapidly progressive muscle weakness requiring her urgent admission to hospital. She was noted to have a weak cough, generalized muscle weakness, and areflexia. By the next morning, the weakness had progressed and she was intubated and ventilated. Biochemical studies at this time showed there was a marked increase in serum creatine kinase activity, 33,000 U/liter, falling to 17,900 U/liter the next day. Examination of her urine revealed only small amounts of ethylmalonic, adipic, and suberic acids. Blood glucose was normal, but increased concentrations of serum lactate (4.92 mM, normal range < 1.7 mM), pyruvate (0.44 mM, normal range < 0.2 mM) and ammonia (99 MM, normal range < 30 ttM) were detected on day 2 of her admission. A 10% dextrose intravenous infusion was given from day 2. Terminally, she developed severe hyponatremia ( 103 mM) and died 3 d after admission. Urgent postmortem examination was performed 15 min after death and samples of muscle, liver, heart, and skin were taken forfurther biochemical analysis. Morphological study of iliopsoas muscle showed necrosis of 5-10% of fibers. Surprisingly, in view of the subsequent biochemical studies, lipid storage was not marked in the muscle being present in only a small proportion of the remaining fibers. There was also a predominance of the slow oxidative type I fibers (95%). There Preparation of mitochondrial fractions. Muscle, liver, and heart were immediately placed in ice-cold isolation media and mitochondrial fractions were prepared as previously described (9, 10 The extraction of acyl-CoA and acylcarnitine esters, and their subsequent analysis by radio-HPLC has been described in detail (1 1, 12) .
Enzymes of -oxidation. The activity ofthe enzymes of 3-oxidation were measured in skeletal muscle, cardiac, and liver mitochondrial fractions and in fibroblast homogenates. Mitochondrial pellets were diluted with the appropriate volume of 25 mM potassium phosphate, 0.2 mM EDTA, pH 8.0, for the determination of acyl-CoA and 3-hydroxyacyl-CoA dehydrogenases; 25 mM potassium phosphate, 0.2 mM EDTA, 10 mM mercaptoethanol, pH 8.0, for measurement of 2-enoyl-CoA hydratase activity; and 100 mM Tris, 10 mM mercaptoethanol, pH 8.3, for the determination of 3-oxoacyl-CoA thiolase activity. The mitochondrial suspensions were sonicated on ice for 3 X 10 s with a 2-min interval between bursts. Triton X-100 was then added to the fractions to give a Triton X-100 to protein ratio of 1:1. After incubation on ice for 30 min, the extracts were centrifuged at 11,600 gav for 10 min. Fibroblast homogenates were also prepared by sonication and addition of detergent (5). Enzyme activities were then measured in the supernatant as previously described (5, 13) except that 3-oxoacyl-CoA thiolase activity was also determined by using 3-oxooctanoyl-CoA as substrate. The protein concentration was measured by a modified Lowry procedure ( 14) .
Immunoprecipitation ofshort-chain 3-hydroxyacyl-CoA dehydrogenase. Antibodies to beefheart short-chain 3-hydroxyacyl-CoA dehydrogenase were raised in rabbits (5) . This antibody was added to aliquots ofsonicated, detergent-solubilized, and centrifuged fibroblast homogenates or skeletal muscle, cardiac, and liver mitochondria and then incubated on ice for 2 h. After centrifugation at 1 1,600g., for 10 min, the 3-hydroxyacyl-CoA dehydrogenase activity was assayed in the supernatant by using acetoacetyl-CoA and 3-oxohexadecanoyl-CoA as substrates. No effect on 3-hydroxyacyl-CoA dehydrogenase activity was seen when ammonium sulfate-precipitated preimmune serum from rabbit was used (5).
Results
Flux and intermediates. The rate of flux through /3-oxidation was slow in both muscle (patient 4.8 nmol of acetyl units formed per min/mg protein; controls 10.4±1.6 (mean±SD for five controls)) and fibroblast mitochondrial fractions (0.85 nmol of acetyl units formed per min/mg protein; controls 1.72±0.04 (mean±SD for three controls)).
The pattern ofacyl-CoA ester intermediates was very different in the muscle mitochondria from the patient compared with controls. In normal muscle mitochondria, the only major peaks detected are those of the saturated acyl-CoA esters of chain-length C16 to C6 (Fig. 1 A, Table I ) or corresponding saturated acylcarnitine esters ( Fig. 1 C and Table I ). In mitochondria from the patient there are low concentrations of longchain saturated acyl-CoA and acylcarnitine esters but the most striking finding is the detection of additional peaks which are not seen in the control incubations (Fig. 1, B and D and Table  I ). Fig. 1 D) . The chromatographic resolution of the 3-hydroxyacylcarnitine (Cs), 3-oxoacylcarnitine (Ca), and 2-enoylcarnitine (Cn-2) is at best partial. However, 50 in the complex eluting at 35-38 min (Fig. 1 D) three peaks can be clearly discerned which co-chromatographed with chemically synthesized 3-hydroxyhexadecanoylcarnitine (peak 10), tetradec-2-enoylcarnitine (peak 11), and 3-oxohexadecanoylcarnitine (peak 12). The peaks marked 4, 6, and 8 in Fig. 1 D show a trailing shoulder and while the major peak is the 3-hydroxyacylcarnitine, the shoulder represents accumulation of the 2-enoylcarnitine and possibly the 3-oxoacylcarnitine esters. These findings associated with slow flux through (3-oxidation are strongly suggestive of a defect of fatty acid oxidation at the 3-hydroxyacyl-CoA dehydrogenase and/or 3-oxoacyl-CoA thiolase steps. In addition, we found a high concentration of butyrylcarnitine and acetylcarnitine suggesting impaired oxidation of acetyl groups. Activity of the (3-oxidation enzymes. The activity of these enzymes was measured in mitochondrial fractions from skeletal muscle, cardiac muscle and liver, and in fibroblast homogenates (Tables II and III) . The acyl-CoA dehydrogenase activity was measured in skeletal muscle mitochondria and the activity with the butyryl-CoA, octanoyl-CoA, and hexadecanoyl-CoA was normal. 2-Enoyl-CoA hydratase activity was measured in both skeletal muscle mitochondria and fibroblast homogenates. The activity of the short-chain enzyme was normal but that of the long-chain 2-enoyl-CoA hydratase was low in muscle and in the low part ofthe control range in fibroblast homogenates. The activity ofshort-chain 3-hydroxyacyl-CoA dehydrogenase was normal but the activity ofthe long-chain 3-hydroxyacyl-CoA dehydrogenase was low in all tissues. In fibroblast homogenates between 20% and 35% ofthe 3-hydroxyacyl-CoA dehydrogenase activity using 3-oxohexadecanoyl-CoA as substrate is due to the short-chain enzyme (5). We therefore immunoprecipitated short-chain 3-hydroxyacyl-CoA dehydrogenase from both the mitochondrial fractions and fibroblast homogenates. The residual activity to the long-chain substrate was 4% of control value for skeletal muscle mitochondria, 12% for cardiac muscle mitochondria, 16% for liver mitochondria, and 6% for fibroblast homogenates after immunoprecipitation. Mitochondrial acetoacetyl-CoA specific thiolase was mea- We describe the clinical and biochemical findings in a young girl with a defect of mitochondrial fatty acid oxidation who presented with intermittent muscle weakness. The enzyme defect in muscle was a combined deficiency of long-chain 3-hydroxyacyl-CoA dehydrogenase, long-chain 2-enoyl-CoA hydratase, and long-chain 3-oxoacyl-CoA thiolase. Deficiency of the long-chain 3-hydroxyacyl-CoA dehydrogenase was confirmed in other tissues (heart, liver, and fibroblasts) and a defect ofthe long-chain 3-oxoacyl-CoA thiolase was also found in heart and fibroblast mitochondria. The activity of both the long-chain 3-hydroxyacyl-CoA dehydrogenase and long-chain 3-oxoacyl-CoA thiolase in the fibroblast homogenates from the parents were intermediate between the patient and controls. This latter finding both confirms the presence of a combined defect in the patient and suggests that it is inherited in an autosomal recessive manner. Our studies strongly suggest that the biochemical defect in this young girl is due to an abnormality in a recently isolated and characterized trifunctional enzyme ofmitochondrial ,B-oxidation. This enzyme, which has been purified from both rat and human liver, catalyzes the 3-hydroxyacyl-CoA dehydrogenation, 2-enoyl-CoA hydration, and 3-oxoacyl-CoA thiolysis of long-chain acyl-CoA esters ( 15, 16) . Unlike most other enzymes of 3-oxidation it is bound to the inner mitochondrial membrane and can only be extracted by use ofdetergents. The enzyme from both rats and humans consists of large and small subunits (71 and 47 kD in humans) that form multimeric complexes (octamer in rat, tetramer in humans).
Our studies have shown that there is low activity ofall three enzymes in our patient which would suggest that the molecular defect involves both subunits. One possible explanation is that both subunits are encoded by a single gene and that this is defective in our patient. A more likely explanation is that the two subunits are encoded by separate genes, and that a mutation of one subunit causes instability of the whole multimer similar to the findings in patients with mutations of the subunits ofelectron transfer flavoprotein ( 17) . Clearly, the molecular basis of trifunctional enzyme deficiency will only be characterized as antibodies and cDNAs to the individual subunits become available. Several previous patients with a defect of long-chain 3-hydroxyacyl-CoA dehydrogenase have been identified (5, (18) (19) (20) (21) (22) (23) . Whereas in most ofthese patients the activity ofthe other enzymes of 1-oxidation has not been measured, in the two patients in which the other enzymes were studied, the longchain 2-enoyl-CoA hydratase activity was in the low part ofthe control range and long-chain 3-oxoacyl-CoA thiolase activity was low at 61% and 52%, respectively, of the mean control values in fibroblasts (5). We postulated that there was a relationship between the three long-chain-specific enzymes and the results reported here, and the recent purification of a trifunctional enzyme of A-oxidation strongly suggests that previous cases of long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency are due to a defect of the trifunctional enzyme.
The clinical features of patients reported with long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency are variable, which may in part reflect different biochemical defects of the trifunctional enzyme. The age of onset of symptoms range from 3 d to 3 yr and clinical manifestations have included recurrent episodes of nonketotic hypoglycaemia (5), sudden infant death (21, 23, 24) , and cardiomyopathy (19). In most cases hepatic dysfunction is a prominent feature. Two patients had a sensorimotor polyneuropathy (20, 22) and in one of these patients there was also a pigmentary retinopathy (20) . Muscle weakness has been described in several children (5, 19, 20, 22, 25) and has been associated with myoglobinuria (22) . In our patient the muscle weakness was severe leading to respiratory failure with a very high creatinine kinase activity in serum.
In the majority of patients there has been excretion of 3-hydroxymonocarboxylic and 3-hydroxydicarboxylic organic acids (5, 19, 20, 23) . This excretion may be variable and will depend upon the metabolic state of the patient (26) . Urinary organic acids were not helpful in our patient, however; only two samples of urine were studied and these were obtained late in the illness. These urine samples were also analyzed for acylcarnitines by HPLC (27) and no differences were detected compared with controls. Plasma and muscle carnitine concentrations are often low in patients with 1-oxidation defects, in- The control values are either the mean±SD and the number of controls shown in parentheses or individual values.
cluding patients with 3-hydroxyacyl-CoA dehydrogenase deficiency (5, 19, 22, 25) . Although we did not measure carnitine concentrations in our patient, low concentrations were found in blood and muscle from her affected brother. The most surprising biochemical finding in patients with biochemical defects ofthe trifunctional enzyme is the lactic acidosis ( 5, 20, 23, 25 ) . This is not seen in patients with other (3-oxidation defects, and although the mechanism ofthis lactic acidosis is unknown, there are several possible explanations. We have shown that a high concentration ofacetylcarnitine accumulates in the mitochondrial fractions from this patient and others with deficiency of long-chain 3-hydroxyacyl-CoA dehydrogenase ( 11) , which suggests impaired oxidation of acetyl groups. This may be due to inhibition of either the citric acid cycle or the respiratory chain by the accumulating intermediates. Alternatively, there is the intriguing possibility that, because the trifunctional enzyme is in the inner mitochondrial membrane, its deficiency may affect respiratory chain function more directly. Each reaction of mitochondrial ,B-oxidation requires two or more enzymes of different chain length specificity to enable complete oxidation oflong-chain fatty acids. Our studies allow us to predict the number of enzymes catalyzing three of the four reactions of 3-oxidation in human tissues. In skeletal muscle and cardiac mitochondria there was no residual 3-hydroxyacyl-CoA dehydrogenase activity with the long-chain substrate after immunoprecipitation of short-chain 3-hydroxyacyl-CoA dehydrogenase. This suggests that there are only two enzymes catalyzing the reaction in these tissues. The small amount of residual activity in fibroblast homogenates and liver is likely to be due to contamination by the peroxisomal enzyme. The long-chain 2-enoyl-CoA hydratase activity was the least affected of the three enzymes, being only decreased to 40% of control values in skeletal muscle mitochondria and in the low part of the control range in fibroblasts. In preliminary studies we have an immunoprecipitated short-chain 2-enoyl-CoA hydratase (antibodies raised to purified enzyme [ Sigma Chemical Co., St. Louis, MO] in rabbits) from solubilized fibroblast homogenate from a control subject and the patient. These studies indicate that not all the activity towards the long-chain substrate is immunoprecipitated from the patient's mitochondria and this suggests there is an additional 2-enoyl-CoA hydratase. There were thought to be only two 3-oxoacyl-CoA thiolases in mammalian mitochondria, one of which is acetoacetyl-CoA specific and a second which acts on substrates of various chain lengths (28) . Our finding that thiolysis of 3-oxohexadecanoylCoA was severely impaired whereas that of3-oxooctanoyl-CoA was only impaired to 55%, 64%, and 76% of mean control values in skeletal muscle mitochondria, cardiac mitochondria, and fibroblast homogenates from our patient suggests this "general" thiolase is present and that there must be three mitochondrial thiolases in these human tissues. Although there is low long-chain 3-oxoacyl-CoA thiolase activity in the muscle, heart, and fibroblasts from the patient, in liver the activity is in the low part of the normal range. This might be due to a number of factors including contamination of the liver mitochondrial fraction by peroxisomes or an additional long-chain specific 3-oxoacyl-CoA thiolase. Alternatively, the ratio of rates of thiolysis ofthe three different chain-length substrates in liver is different from muscle and heart, and some ofthe activity to the long-chain substrate might be due to overlapping substrate specificity from the medium-chain enzyme.
The history in our patient was suggestive of a (3-oxidation defect, but despite her rapidly deteriorating clinical condition by the time she came under our care, she had neither a specific dicarboxylic aciduria nor the intermediary metabolite changes normally found in (3-oxidation defects. This emphasizes the difficulties in making a diagnosis of a defect of mitochondrial fatty acid oxidation. We measured flux through (3-oxidation and although there are many problems associated with its accurate determination in samples of tissue or cultured fibroblasts (29, 30), we measured the acid-soluble products from [U-'4C]-hexadecanoate oxidation which will detect defects of the longchain enzymes. Flux was low to a similar degree in both skeletal muscle and fibroblast mitochondrial fractions (46% and 48% of control values, respectively). This degree of continued flux was surprising in view of the severity of the biochemical defect and presumably reflects that there is more overlapping enzyme activity in vivo or that the enzyme steps involved have relatively low control strength on overall pathway flux. The value of the measurement of the intermediates of /3-oxidation in patients with suspected defects of this pathway is confirmed by this study. Previous studies in fibroblast mitochondria from patients with proven defects of fatty acid oxidation have shown that a characteristic pattern of intermediates is found depending upon which enzyme is defective ( 11) . In this patient the accumulation of 3-hydroxyacyl-CoA and 3-hydroxyacylcarnitine esters first alerted us to the possibility of a defect of longchain 3-hydroxyacyl-CoA dehydrogenase. This technique has now been shown to be valuable in studying fatty acid oxidation in skeletal muscle mitochondria and it requires a relatively small amount of mitochondrial protein. We believe it will become increasingly important in the investigation of lipid storage myopathies.
